1. Introduction {#sec1-ijms-21-04256}
===============

Obesity is the consequence of a caloric imbalance caused by an elevated ratio of caloric input to energy consumption. Obesity and its related metabolic disorders, such as insulin resistance and type 2 diabetes (T2D), have become global health problems. In an insulin-resistant state, pancreatic islet cells temporarily maintain normoglycemia via β-cell compensation that includes greater secretion of insulin \[[@B1-ijms-21-04256],[@B2-ijms-21-04256],[@B3-ijms-21-04256]\]. This compensatory response eventually fails over time. A progressive decline in β-cell function and diminishing tolerance to glucose interact to contribute to the development of T2D \[[@B2-ijms-21-04256],[@B3-ijms-21-04256]\].

Excess lipid deposition in non-adipose tissues, such as liver and skeletal muscle, has been associated with insulin resistance and T2D \[[@B4-ijms-21-04256],[@B5-ijms-21-04256],[@B6-ijms-21-04256],[@B7-ijms-21-04256]\]. It is suggested that there is a strong correlation between nonalcoholic fatty liver disease (NAFLD) and T2D: more than 90% of T2D patients have NAFLD \[[@B8-ijms-21-04256]\]. Patients with NAFLD almost globally exhibit hepatic insulin resistance, which elevates fasting glucose levels and increases the risk of T2D \[[@B9-ijms-21-04256],[@B10-ijms-21-04256]\]. An association between NAFLD and T2D is thought to be due to the fact that excess hepatic lipid impairs insulin signaling, leading to decreased glycogen synthesis and increased gluconeogenesis \[[@B11-ijms-21-04256]\]. Evidence has been increasing that insulin resistance is accompanied by mitochondrial dysfunction in liver and skeletal muscle, and that this could be the cause of damaged fat oxidation and deposition of intracellular lipids \[[@B12-ijms-21-04256],[@B13-ijms-21-04256],[@B14-ijms-21-04256],[@B15-ijms-21-04256],[@B16-ijms-21-04256]\]. Failure of fat oxidation is a predictor of weight gain and T2D \[[@B17-ijms-21-04256]\]. Impaired fatty acid oxidation is a feature of T2D progression, leading to increased lipid accumulation and further insulin resistance \[[@B5-ijms-21-04256],[@B18-ijms-21-04256]\].

Study results suggest that the family of peroxisome proliferator-activated receptors (PPARs) is involved in energy homeostasis regulation. Of the three PPAR isoforms, PPARα is a ligand-activated transcription factor that controls the expression of genes crucial for lipid and lipoprotein metabolism \[[@B19-ijms-21-04256],[@B20-ijms-21-04256]\]. The target genes of PPARα include those related to plasma triglyceride hydrolysis, fatty acid uptake and binding, and fatty acid β-oxidation. Activation of PPARα target genes therefore promotes fatty acid oxidation. Use of animal models of obesity revealed that the PPARα activator fenofibrate also induces weight reduction and inhibits hepatic lipid accumulation \[[@B21-ijms-21-04256],[@B22-ijms-21-04256]\]. This result suggests that PPARα activation may suppress obesity and insulin resistance via eventual reduction of excess hepatic lipids through higher induction of fatty acid β-oxidation enzymes in livers.

Lemon balm (*Melissa officinalis* L.) is traditionally used as a medicinal herb to cure anxiety, insomnia, and Alzheimer's disease \[[@B23-ijms-21-04256],[@B24-ijms-21-04256]\]. We recently found that the lemon balm extract ALS-L1023 reduces adipose tissue mass in high-fat diet (HFD)-fed obese mice \[[@B25-ijms-21-04256],[@B26-ijms-21-04256],[@B27-ijms-21-04256]\]. We thus hypothesized that hepatic ALS-L1023 actions would alleviate obesity, insulin resistance, and impaired glucose metabolism in part through PPARα-mediated hepatic lipid reductions. To test this hypothesis, we not only determined the effects of ALS-L1023 on obesity and insulin resistance, but also examined whether its mechanism of action is associated with PPARα. Our results suggest that ALS-L1023 may ameliorate obesity, impaired glucose metabolism, and insulin resistance via decreasing hepatic lipid levels via PPARα activation.

2. Results {#sec2-ijms-21-04256}
==========

2.1. ALS-L1023 Reduces Weight Gain and Visceral Adipocyte Size in HFD-Fed Obese Mice {#sec2dot1-ijms-21-04256}
------------------------------------------------------------------------------------

Mice fed an HFD supplemented with 0.4% ALS-L1023 had lower body weight gains after 12 weeks of treatment compared with obese HFD-Con mice ([Figure 1](#ijms-21-04256-f001){ref-type="fig"}A). ALS-L1023 significantly decreased total and visceral adipose tissue weights in obese mice ([Figure 1](#ijms-21-04256-f001){ref-type="fig"}B,C). This treatment resulted in a reduction of the average size of visceral adipocytes ([Figure 1](#ijms-21-04256-f001){ref-type="fig"}D,E). However, ALS-L1023 did not affect food intake in HFD-fed obese mice ([Figure 1](#ijms-21-04256-f001){ref-type="fig"}F). In pair-feeding experiments, HFD-ALS mice did not exhibit appetite effects (data not shown). In addition, ALS-L1023 did not exhibit any toxic effects.

2.2. ALS-L1023 Lowers Elevated Glucose Levels and Increases Insulin Sensitivity in HFD-Fed Obese Mice {#sec2dot2-ijms-21-04256}
-----------------------------------------------------------------------------------------------------

Consistent with the weight loss, ALS-L1023 treatment resulted in decreased serum triglycerides and free fatty acids in obese HFD-Con mice ([Figure 2](#ijms-21-04256-f002){ref-type="fig"}A,B). ALS-L1023 also reduced circulating concentrations of glucose and hemoglobin A1c (HbA1c) compared with obese mice. The glucose-lowering effects of ALS-L1023 were indicated by 23% and 10% reductions in glucose and HbA1c levels, respectively ([Figure 2](#ijms-21-04256-f002){ref-type="fig"}C,D). ALS-L1023 treatment reduced serum insulin levels by 36% in obese mice ([Figure 2](#ijms-21-04256-f002){ref-type="fig"}E).

The results of the quantitative insulin sensitivity check index (QUICKI) assessment, which is a well-known marker of insulin sensitivity, were increased in ALS-L1023-treated mice compared with obese HFD-Con mice ([Figure 3](#ijms-21-04256-f003){ref-type="fig"}A). Supplementation with ALS-L1023 resulted in lower homeostasis model assessment-estimated insulin resistance (HOMA-IR) scores; the HOMA-IR was used to test insulin resistance in obese mice ([Figure 3](#ijms-21-04256-f003){ref-type="fig"}B). Similarly, ALS-L1023 treatment resulted in significantly reduced blood glucose levels during the glucose and insulin tolerance tests in obese mice ([Figure 3](#ijms-21-04256-f003){ref-type="fig"}C--F).

2.3. ALS-L1023 Normalizes Insulin-Positive β-Cell Mass in HFD-Fed Obese Mice {#sec2dot3-ijms-21-04256}
----------------------------------------------------------------------------

Examination of the hematoxylin and eosin (H&E)-stained pancreas sections revealed that pancreatic islet hypertrophy occurred in obese HFD-Con mice ([Figure 4](#ijms-21-04256-f004){ref-type="fig"}A). However, ALS-L1023 supplementation resulted in a significant decrease in the mean size of islets in HFD-Con mice although their sizes varied in HFD-ALS mice. HFD intake also caused expansion of β-cell mass, as indicated shown by a 621% increase in insulin-positive β-cell area ([Figure 4](#ijms-21-04256-f004){ref-type="fig"}B,C). Consistent with the decreased insulin secretion that occurred with ALS-L1023 supplementation, β-cell areas were reduced by 44% in HFD-ALS mice compared with HFD-Con mice ([Figure 4](#ijms-21-04256-f004){ref-type="fig"}C).

2.4. ALS-L1023 Inhibits Hepatic Steatosis and Increases Hepatic PPARα Target Gene Expression in HFD-Fed Obese Mice {#sec2dot4-ijms-21-04256}
------------------------------------------------------------------------------------------------------------------

To determine whether ALS-L1023 regulates hepatic steatosis, we examined intrahepatic triglyceride content following ALS-L1023 treatment. The HFD-Con mice had greater liver lipid accumulation compared with chow mice; ALS-L1023 supplementation completely eliminated the intrahepatic lipid droplets ([Figure 5](#ijms-21-04256-f005){ref-type="fig"}A,B). To evaluate whether the inhibitory effects of ALS-L1023 on hepatic lipid accumulation were caused by alterations in hepatic PPARα target gene expression, we measured mRNA levels of PPARα and its target genes (i.e., acyl-CoA oxidase (ACOX), medium-chain acyl-CoA dehydrogenase (MCAD), very long-chain acyl-CoA dehydrogenase (VLCAD), and carnitine palmitoyltransferase I (CPT-1)); these genes encode enzymes involved in fatty acid β-oxidation. Expression of these genes was higher in ALS-L1023-treated mice compared with untreated obese mice ([Figure 5](#ijms-21-04256-f005){ref-type="fig"}C). PPARα mRNA expression was not changed by ALS-L1023.

2.5. ALS-L1023 Decreases Lipid Accumulation and Increases PPARα Activity in HepG2 Cells {#sec2dot5-ijms-21-04256}
---------------------------------------------------------------------------------------

To investigate the ability of ALS-L1023 to suppress lipid accumulation in HepG2 cells, HepG2 cells were treated with a mixture of the free fatty acids, oleic acid, and palmitoleic acid. The results for Oil Red O-stained lipid droplets indicated that after treatment, HepG2 cells (Control) had significant lipid accumulation ([Figure 6](#ijms-21-04256-f006){ref-type="fig"}A,B). However, incubation of control cells with ALS-L1023 at a dose of 10 μg/mL resulted in decreased lipid accumulation. These inhibitory effects were similar to the effects of the PPARα activator fenofibrate. However, increased triglyceride droplets were observed when HepG2 cells were cotreated with ALS-L1023 and the PPARα antagonist GW6471 compared with ALS-L1023 alone. To further clarify whether ALS-L1023 modulates the PPARα promoter, HepG2 cells were co-transfected with pSG5-mPPARα and the luciferase reporter construct PPRE~3~-tk-luc. Treatment of transfected cells with ALS-L1023 increased PPARα reporter gene activity and the extent of luciferase activity in ALS-L1023-treated cells was similar to that in fenofibrate-treated cells ([Figure 6](#ijms-21-04256-f006){ref-type="fig"}C). However, concomitant treatment of ALS-L1023 and GW6471 reduced PPARα luciferase activity compared with ALS-L1023 alone. In addition, ALS-L1023 at doses between 0.1 and 10 μg/mL did not have an influence on HepG2 cell viability in 2,3-bis\[2 -methoxy-4-nitro-5-sulfophenyl\]-2H-tetrazolium-5-carboxanilide disodium salt (XTT) assays ([Figure 6](#ijms-21-04256-f006){ref-type="fig"}D).

2.6. ALS-L1023 Activates Akt Phosphorylation and Decreases Expression of Gluconeogenesis Genes in HFD-Fed Obese Mice {#sec2dot6-ijms-21-04256}
--------------------------------------------------------------------------------------------------------------------

Study results suggest that during hepatic insulin signaling, protein kinase B (Akt) phosphorylation suppresses hepatic glucose production via a reduction in the expression of gluconeogenic enzymes. To determine whether ALS-L1023 activates Akt under hepatic insulin-resistant conditions, we examined Akt phosphorylation in livers of obese mice. ALS-L1023 increased phosphorylated Akt (pAkt) levels in the livers of obese mice ([Figure 7](#ijms-21-04256-f007){ref-type="fig"}A,B). There was reduced expression of the gluconeogenic enzymes glucose 6-phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK) in ALS-L1023-treated mice compared with untreated HFD-Con mice ([Figure 7](#ijms-21-04256-f007){ref-type="fig"}C).

3. Discussion {#sec3-ijms-21-04256}
=============

Several studies report that lipid accumulation in non-adipose tissues, such as liver and skeletal muscle, initiates the development of insulin resistance and T2D \[[@B28-ijms-21-04256]\]. Since excess ectopic lipids in liver and skeletal muscle tissues interfere with insulin signaling, it may be possible that these tissues become insulin resistant and are responsible for elevated blood glucose levels. Similarly, impaired fatty acid oxidation can cause weight gain, insulin resistance, and the progression towards T2D. Consistent with the above-mentioned studies, current results indicate that ALS-L1023 treatment may induce weight loss and decrease hepatic lipid accumulation in part through hepatic PPARα activation and that reduced hepatic lipids seem to alleviate insulin resistance and hyperglycemia in ALS-L1023-treated obese mice.

Simultaneous treatment of mice with an HFD with ALS-L1023 decreased body weight gain, fat mass, and visceral adipocyte size compared with obese HFD mice. During ALS-L1023-induced weight reduction, food intake was not changed, showing that ALS-L1023 did not affect appetite. We had previously conducted animal studies using ALS-L1023 at doses of 0.1%, 0.25%, and 0.5% in HFD-fed obese rats and found that weight gains were substantially decreased by 0.5% ALS-L1023 (100 mg/kg/day) (unpublished data). According to the dose conversion from rat to mouse, 0.4% ALS-L1023 (200 mg/kg/day) was selected to supplement the HFD to enhance the effects of ALS-L1023 on obesity and related diseases. C57BL/6J mice (6--8 weeks of age) fed a diet containing 40--60% calories from fat for 8--16 weeks become overweight, obese, and develop impaired glucose tolerance and insulin resistance \[[@B29-ijms-21-04256]\]. In the present study, C57BL/6J mice fed an HFD for 12 weeks had an approximately 8 times greater visceral fat mass than that of chow-fed mice. However, ALS-L1023 decreased body weight gain by 40%, visceral adipose tissue mass by 32%, and visceral adipocyte size by 22% compared with obese HFD mice. These results are consistent with the observation of reduced hepatic lipid accumulation after ALS-L1023 treatment, suggesting that ALS-L1023-induced increases in fat catabolism in livers may result in the prevention of weight gain and increased fat mobilization from visceral adipose tissue. Actually, ALS-L1023 treatment markedly reduced hepatic lipid accumulation, which may be due to increased fatty acid oxidation. The increased liver activity corresponded to a large reduction in adipose tissue mass and adipocyte size, which likely accounted for most of the body weight reduction.

The intake of HFD by C57BL/6J mice is a robust model of debilitated glucose tolerance and initial T2D \[[@B30-ijms-21-04256]\]. These animals have indisputable insulin resistance and deficient β-cell compensation \[[@B3-ijms-21-04256],[@B31-ijms-21-04256]\]. Consistent with the decreased visceral adipose tissue mass and adipocyte size, the elevated concentrations of fasting glucose and insulin in obese HFD-Con mice were significantly reduced following ALS-L1023 treatment. It has been reported that large adipocytes from obese rodents generate and secrete tumor necrosis factor α, leptin, and circulating lipids such as free fatty acids, which cause insulin resistance \[[@B32-ijms-21-04256],[@B33-ijms-21-04256],[@B34-ijms-21-04256],[@B35-ijms-21-04256]\]. Thus, ALS-L1023 treatment may convert hypertrophic adipocytes into smaller adipocytes, leading to reduction of blood glucose and amelioration of insulin resistance \[[@B35-ijms-21-04256],[@B36-ijms-21-04256]\].

Hypertrophy of pancreatic islets and enlargement of β-cell area were observed in HFD-fed C57BL/6J mice \[[@B37-ijms-21-04256]\]. However, ALS-L1023 treatment decreased the mean size of islets and insulin-positive β-cell mass to the levels of chow mice, suggesting that ALS-L1023 treatment prevents islet hypertrophy and modulates the inadequate β-cell compensation due to insulin resistance. Interestingly, the effect of ALS-L1023 on the islet size varied, but almost all islet sizes decreased after ALS-L1023 treatment. These results were consistent with the reduction of insulin secretion and low glucose levels after ALS-L1023 treatment in HFD-Con mice. In insulin-resistant conditions, pancreatic islets increase the secretion of insulin to maintain normal blood glucose levels, which is called β-cell compensation \[[@B3-ijms-21-04256]\]. Therefore, the alleviation of insulin resistance will reduce the size of islets and inhibit enlargement of β-cell mass. As mentioned earlier, ALS-L1023 may reduce weight gain and adipocyte size partly through hepatic lipid reduction via hepatic PPARα activation. Since excess hepatic lipids and visceral obesity are deeply associated with insulin resistance \[[@B11-ijms-21-04256],[@B38-ijms-21-04256]\], their reductions by ALS-L1023 will suppress islet hypertrophy and β-cell expansion. It is possible that ALS-L1023 treatment makes liver and skeletal muscle tissues more sensitive to insulin.

The amount of intrahepatic triglycerides was prominent in HFD-Con mice whereas ALS-L1023 treatment markedly decreased hepatic lipid accumulation largely through fatty acid β-oxidation in mitochondria and peroxisomes \[[@B39-ijms-21-04256],[@B40-ijms-21-04256]\]. We also observed similar results to the above in vivo data using HepG2 cells as a cellular model of hepatic steatosis. ALS-L1023 at a dose of 10 μg/mL caused a substantial decrease in lipid accumulation compared with control cells treated with a mixture of fatty acids. These suppressive effects of ALS-L1023 on excess fat deposition were comparable to a reduction by fenofibrate. Moreover, the inhibitory effects of ALS-L1023 on triglyceride droplets were reversed by GW6471 in HepG2 cells, suggesting that the actions of ALS-L0123 on hepatic steatosis may be mediated in part through PPARα. The presence of NAFLD has been related to a very high risk of hepatic insulin resistance, which results in the impaired fasting glucose and T2D \[[@B9-ijms-21-04256],[@B10-ijms-21-04256]\]; it suggests that there is a close association between excess hepatic lipids and hepatic insulin resistance. Since present results indicate that ALS-L1023 reduces liver microvesicular and macrovesicular steatosis, it is conceivable that ALS-L1023 can alleviate glucose intolerance and insulin resistance through reduction of hepatic lipids.

To determine the actions of PPARα on ALS-L1023-mediated hepatic lipid reduction, we investigated the effects of ALS-L1023 on the expression of PPARα target genes involved in fatty acid β-oxidation in livers of HFD-fed mice. ALS-L1023 caused an increase in the expression of PPARα target enzymes (e.g., ACOX, MCAD, VLCAD, and CPT-1) in livers. In parallel with the in vivo data, transactivation assay results indicated that PPARα reporter gene activation was stimulated by ALS-L1023. ALS-L1023 treatment increased the expression of a PPRE-luciferase reporter gene in HepG2 cells. These stimulatory effects of ALS-L1023 were similar to those of fenofibrate. By contrast, GW6471 reversed ALS-L1023-induced increases in luciferase activity. This result suggests that ALS-L1023 can positively regulate the action of PPARα. PPARα promotes the catabolism of fatty acids by raising the transcriptional activation of enzymes critical for mitochondrial and peroxisomal β-oxidation \[[@B41-ijms-21-04256],[@B42-ijms-21-04256],[@B43-ijms-21-04256]\]. Therefore, our results suggest that ALS-L1023 stimulation of hepatic expression of PPARα target enzymes decreases the hepatocellular fatty acid levels required for triglyceride production, which led to a reduction in hepatic steatosis.

To examine the molecular mechanism of the action of ALS-L1023 on lipid-induced hepatic insulin resistance, Akt activation was examined in livers of C57BL/6J mice following ALS-L1023 treatment. Akt is an important signaling molecule of insulin action. Akt is phosphorylated and activated under insulin-stimulated conditions, whereas its phosphorylation is suppressed when excess hepatic lipids are present \[[@B11-ijms-21-04256]\]. Studies in mice and humans have revealed that hepatic diacylglycerol has a key role for activation of protein kinase Cε, resulting in the inhibition of insulin signaling, including the Akt impairment \[[@B44-ijms-21-04256],[@B45-ijms-21-04256]\]. Diacylglycerol is derived from intracellular fatty acids; this process is regulated by a balance between fatty acid oxidation and synthesis. Interestingly, mice that are genetically defective in PPARα and long-chain acyl-CoA dehydrogenase exhibit decreased hepatic fatty acid oxidation and have a tendency to hepatic steatosis and insulin resistance \[[@B15-ijms-21-04256],[@B16-ijms-21-04256]\]. Consistent with ALS-L1023-induced decreases in the availability of fatty acids through increasing the expression of PPARα-activated oxidizing enzymes, phosphorylated Akt protein levels were elevated in livers. Thus, ALS-L1023 may inhibit hepatic insulin resistance through Akt activation.

Under insulin-stimulated conditions, Akt activation inhibits liver glucose generation by decreasing the expression of gluconeogenesis enzymes (e.g., G6Pase and PEPCK) \[[@B46-ijms-21-04256]\]. In parallel with the increased Akt phosphorylation, ALS-L1023 decreased G6Pase and PEPCK mRNA levels in livers of obese mice. Fasting glucose and HbA1c concentrations were decreased in ALS-L1023-treated mice. These results indicate that ALS-L1023 treatment increases Akt phosphorylation and subsequently decreases expression of gluconeogenic genes, leading to improved glucose metabolism.

4. Materials and Methods {#sec4-ijms-21-04256}
========================

4.1. Preparation of ALS-L1023 {#sec4dot1-ijms-21-04256}
-----------------------------

Activity-guided fractionation was used to manufacture ALS-L1023 from *Melissa officinalis* L. leaves, which were purchased from Alfred Galke GmbH, (Harz, Germany). Briefly, the dried *Melissa* leaves were exposed to aqueous ethanol and the resulting extract was filtered and concentrated. The concentrated ethanol extract was further fractionated using ethyl acetate, and the resulting fractions were concentrated and dried to obtain ALS-L1023 in a dried powder form. High-performance liquid chromatography was used to compare ALS-L1023 against two reference compounds (i.e., rosmarinic acid and caffeic acid) for standardization \[[@B27-ijms-21-04256]\].

4.2. Animals and Treatments {#sec4dot2-ijms-21-04256}
---------------------------

Eight-week-old male wild-type C57BL/6J mice (*n* = 8/group) were randomly assigned to one of three treatment groups. Each group of mice was fed one of three diets for 12 weeks: a standard chow diet (chow, 10% kcal fat, Research Diets, New Brunswick, NJ, USA), an HFD (HFD-Con, 45% kcal fat, Research Diets), or an HFD supplemented with 0.4% (w/w) ALS-L1023 (HFD-ALS). Four grams ALS-L1023 powder was mixed with 1 kg of the HFD. The body weight of each animal was measured three times per day by a person blinded to the treatments. Food intake was determined by measuring the amounts of food consumed by the mice throughout the treatment period. All animal experiments were approved by the Institutional Animal Care and Use Committee of Mokwon University (permit number: NVRQS AEC-9) and followed National Research Council Guidelines.

4.3. Cell Culture, Treatment of Free Fatty Acids, and Analysis of Triglyceride Content {#sec4dot3-ijms-21-04256}
--------------------------------------------------------------------------------------

HepG2 cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA). The cells were cultured until they reached 70--80% confluency (approximately 2 days). They were then exposed for 2 days to various concentrations of chemicals in the presence of a mixture of oleic acid and palmitoleic acid. Oleic acid and palmitoleic acid were dissolved in ethanol and isopropanol at concentrations of 0.3 mM and 0.15 mM, respectively. The cells were fixed with 10% formalin for 1 h and incubated with Oil Red O for 2 h at room temperature. Oil Red O-stained areas were measured using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

4.4. In Vitro Cytotoxicity Test {#sec4dot4-ijms-21-04256}
-------------------------------

HepG2 cells were plated on a 96 well plate at a density of 1 × 10^4^ cells/well and incubated for 24 h at 37 °C with culture medium in the presence of ALS-L1023 or fenofibrate. Cell viability was detected by an XTT assay using a Cell Proliferation Kit II (Roche, Basel, Switzerland).

4.5. Blood Analysis {#sec4dot5-ijms-21-04256}
-------------------

After an 8 h fast on the last day of the study, blood was analyzed in mice fed a chow, an HFD-Con or an HFD-ALS for 12 weeks. Serum levels of triglycerides and free fatty acids were measured using an automatic blood chemical analyzer (CIBA Corning, Oberlin, OH). Levels of blood glucose and HbA1c were measured using the Accu-Chek Performa System (Roche, Basel, Switzerland) and NycoCard Reader II (Alere/Axis-Shield, Oslo, Norway), respectively. Oral glucose (2 g/kg body weight) and intraperitoneal insulin (0.75 units/kg body weight) tolerance tests were performed to determine blood glucose levels at selected time intervals. QUICKI values were calculated as: 1/(log (fasting insulin μU/mL) + log (fasting glucose mg/dL)). HOMA-IR was calculated via an online Oxford HOMA calculator (available at: [www.dtu.ox.ac.uk](www.dtu.ox.ac.uk)) using the formula: (fasting insulin μU/mL × fasting glucose mg/dL)/405.

4.6. Histological Analysis {#sec4dot6-ijms-21-04256}
--------------------------

For H&E staining, tissues were fixed in 10% phosphate-buffered formalin for 1 day and processed in a routine manner to obtain paraffin sections. Tissue sections (5 μm thick) were cut and stained with H&E for microscopic examination. To quantify the sizes of visceral adipocytes, the H&E-stained sections were analyzed using an Image-Pro Plus analysis system (Media Cybernetics, Bethesda, MD, USA). Insulin-secreting β-cells were detected using a monoclonal mouse anti-insulin antibody (I2018; Sigma-Aldrich, St Louis, MO, USA). Sections of pancreas tissue (3 μm thick) were irradiated in a microwave oven for epitope retrieval. The sections were then incubated with the primary insulin antibody (1:1,400 dilution) and an anti-mouse IgG biotinylated secondary antibody (Vector Laboratories, Burlingame, CA, USA) using diaminobenzidine (Vector Laboratories) as the chromogen. Immunostained β-cell areas were analyzed using ImageJ software and relative insulin-positive areas were expressed as percentages of the total surveyed pancreatic area occupied by β cells.

4.7. Western Blot Analysis {#sec4dot7-ijms-21-04256}
--------------------------

Liver tissues were lysed in ice-cold lysis buffer (50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 0.02% Sodium azide, and 1% Triton X-100) containing protease inhibitors (phenylmethylsulfonyl fluoride and aprotinin). The lysates were centrifuged at 12,000 rpm for 20 min at 4 °C, and the resulting supernatants (10 µg) were subjected to electrophoresis on 10% polyacrylamide gels. The separated proteins were transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). The membranes were incubated with primary rabbit antibodies of pAkt (1:1000 dilution) and Akt (1:1000 dilution) (Cell Signaling Technology, Danvers, MA, USA). After incubation with a goat anti-rabbit IgG secondary antibody (Cell Signaling Technology), the blots were measured using ImageJ software.

4.8. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) {#sec4dot8-ijms-21-04256}
---------------------------------------------------------------------------

Total RNA from liver tissues was prepared using Trizol reagent (Invitrogen) according to the manufacturer's instructions followed by DNase treatment. The purity of total RNA extracted was assessed to the A~260~/A~280~ ratio of total RNA by spectrophotometer. The A~260~/A~280~ ratio of the extracted RNA was 1.8--2.0. The integrity of total RNA was assessed by agarose gel analysis. Total RNA on a gel showed a sharp, clear 28S and 18S rRNA bands, and the intensity of the 28S band was about twice that of the 18S band. Complementary DNA (cDNA) was synthesized from 2 μg total RNA using the TOPscript^TM^ DryMIX RT kit containing reverse transcriptase, RT buffer, a deoxyribonucleotide triphosphate mixture, RNase inhibitor, and oligo (dT)18 (Enzynomics, Seoul, Korea) in a final volume of 20 μL according to the manufacturer's instructions. Briefly, RT reactions were incubated for 60 min at 50 °C and then inactivated by heating to 95 °C for 10 min. The genes of interest were amplified from the synthesized cDNA using BioFact ^TM^ 2X Real-Time PCR Master Mix (BioFact, Daejeon, Korea) and a Rotor-Gene 6000 system (Qiagen). The PCR conditions were as follows: 1 cycle of 95 °C for 15 min, followed by 50 cycles of 95 °C for 20 s, 58 °C for 15 s, and 72 °C for 20 s. The specificity of PCR products was determined by using a melt curve analysis. The identities of products were further investigated by 2% agarose gel electrophoresis analysis. Each qRT-PCR assay including a no template control and a minus reverse transcriptase control did not show amplification. Eight pairs of primers were designed using the PubMed primer designing tool (<https://www.ncbi.nlm.nih.gov/tools/primer-blast/>) and checked for specificity using BLAST (<https://blast.ncbi.nlm.nih.gov/Blast.cgi>). The PCR primers and amplification efficiencies are presented in [Table 1](#ijms-21-04256-t001){ref-type="table"}. The relative expression levels were calculated as the ratios of the target gene cDNA to the β-actin cDNA.

4.9. Transient Transfection Assay {#sec4dot9-ijms-21-04256}
---------------------------------

The expression vectors, pSG5-mPPARα and PPRE~3~-tk-luc reporter genes, were generously provided by Dr. Frank J. Gonzalez (National Cancer Institute, NIH, Bethesda, MD, USA). HepG2 cells were seeded in 6-well tissue culture plates (2 × 10^4^ cells/well) 24 h before transfection. Transfection was performed using 200 ng/well of each of the appropriate plasmids and Lipofectamine (Invitrogen). After 6 h, the culture medium was changed and the test compounds, ALS-L1023, fenofibrate or GW6471, were added. After incubation for 24 h in the presence of the aforementioned chemicals, the cells were assayed for luciferase and β-galactosidase activity (Promega, Madison, WI, USA).

4.10. Statistical Analysis {#sec4dot10-ijms-21-04256}
--------------------------

The results were expressed as mean ± standard deviation (SD) values. The statistical analysis was performed using analysis of variance followed by Turkey's post-hoc tests. Statistical significance was defined as a *p*-value \<0.05.

5. Conclusions {#sec5-ijms-21-04256}
==============

In conclusion, our data suggest that the lemon balm extract ALS-L1023 may inhibit obesity and insulin resistance in HFD-fed obese mice. This event may be mediated partly through inhibition of hepatic lipid accumulation via hepatic PPARα activation. In addition, these data indicate that ALS-L1023 can act as an activator of PPARα function. PPARα agonist treatment has been reported to reduce weight gain and improve glucose metabolism in insulin-resistant and diabetic rodents \[[@B38-ijms-21-04256],[@B47-ijms-21-04256],[@B48-ijms-21-04256],[@B49-ijms-21-04256]\]. ALS-L1023 may thus be a useful drug to prevent and treat obesity, insulin resistance, and T2D. Further studies will be necessary to identify and characterize active components of ALS-L1023 for their effects on PPARα function for potential therapeutic uses.
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![Effects of ALS-L1023 on body weight gain, total and visceral adipose tissue weights, visceral adipocyte size, and energy intake in high-fat diet (HFD)-fed obese C57BL/6J mice. Mice (*n* = 8/group) were fed a chow, an HFD-Con or an HFD-ALS for 12 weeks. (**A**) Body weight gains, (**B**) total adipose tissue weights, and (**C**) visceral adipose tissue weights. (**D**) Histology of visceral adipose tissue, (**E**) visceral adipocyte size, and (**F**) food consumption profiles. \# *p* \< 0.05 compared with chow. \* *p* \< 0.05 compared with HFD-Con.](ijms-21-04256-g001){#ijms-21-04256-f001}

![Effects of ALS-L1023 on levels of serum lipids, insulin, blood glucose, and hemoglobin A1c (HbA1c) in HFD-fed obese C57BL/6J mice. Mice (*n* = 8/group) were fed a chow, an HFD-Con or an HFD-ALS for 12 weeks. (**A**) Serum levels of triglycerides and (**B**) free fatty acids. (**C**) Fasting blood glucose and (**D**) HbA1c levels. (**E**) Serum insulin levels. \# *p* \< 0.05 compared to chow. \* *p* \< 0.05 compared to HFD-Con.](ijms-21-04256-g002){#ijms-21-04256-f002}

![Effects of ALS-L1023 on quantitative insulin sensitivity check index (QUICKI), homeostasis model assessment-estimated insulin resistance (HOMA-IR), oral glucose tolerance test (OGTT), and intraperitoneal insulin tolerance test (IPITT) in HFD-fed obese C57BL/6J mice. Mice (*n* = 8/group) were fed a chow, an HFD-Con or an HFD-ALS for 12 weeks. (**A**) QUICK and (**B**) HOMA-IR. (**C**) OGTT and (**D**) OGTT area under the curve (AUC). (**E**) IPITT and (**F**) IPITT AUC. \# *p* \< 0.05 compared to chow. \* *p* \< 0.05 compared to HFD-Con.](ijms-21-04256-g003){#ijms-21-04256-f003}

![Effects of ALS-L1023 on pancreatic morphology and insulin-positive β-cell area in HFD-fed obese C57BL/6J mice. Mice (*n* = 8/group) were fed a chow, an HFD-Con or an HFD-ALS for 12 weeks. (**A**) H&E-stained pancreas sections (original magnification, ×100). (**B**) Pancreas sections stained with an anti-insulin antibody (original magnification, ×100). (**C**) Relative insulin-secreting β-cell area. \# *p* \< 0.05 compared to chow. \* *p* \< 0.05 compared to HFD-Con.](ijms-21-04256-g004){#ijms-21-04256-f004}

![Effects of ALS-L1023 on hepatic steatosis and PPARα target gene expression in HFD-fed obese C57BL/6J mice. Mice (*n* = 8/group) were fed a chow, an HFD-Con or an HFD-ALS for 12 weeks. (**A**) H&E-stained liver sections (original magnification ×100). (**B**) Relative liver triglyceride content. (**C**) Relative expression of PPARα and its target genes in livers. \# *p* \< 0.05 compared to chow. \* *p* \< 0.05 compared to HFD-Con.](ijms-21-04256-g005){#ijms-21-04256-f005}

![Effects of ALS-L1023 on lipid accumulation and PPARα activation in HepG2 cells. HepG2 cells (*n* = 9/group) were treated with various concentrations of ALS-L1023 (ALS), 10 μM fenofibrate (FF), 10 μg/mL ALS plus 100 nM GW6471 or 10 μM FF plus 100 nM GW6471 in the presence of fatty acids. Control cells (Con) were treated with fatty acids. (**A**) Oil Red O-stained HepG2 cells. (**B**) Quantitative analysis of triglyceride content. (**C**) PPARα reporter gene expression. Values are expressed as relative luciferase units/β-galactosidase activity. (**D**) HepG2 cell viability by XTT assays. \* *p* \< 0.05 compared to Con. @ *p* \< 0.05 compared with ALS. @@ *p* \< 0.05 compared with FF.](ijms-21-04256-g006){#ijms-21-04256-f006}

![Effects of ALS-L1023 on protein kinase B (Akt) phosphorylation and expression of gluconeogenic enzymes in livers of HFD-fed obese C57BL/6J mice. Mice (*n* = 8/group) were fed a chow, an HFD-Con or an HFD-ALS for 12 weeks. (**A**) Western blots for pAkt and Akt. (**B**) Quantitative analysis, relative expression levels of pAkt to Akt. (**C**) Expression of gluconeogenic enzymes. \# *p* \< 0.05 compared to chow. \* *p* \< 0.05 compared to HFD-Con.](ijms-21-04256-g007){#ijms-21-04256-f007}
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###### 

Primer sequences and amplification efficiencies for quantitative real-time PCR assays.

  Genes                                   Gene Bank No.   Primer Sequences                         Size (bp)   Amplification Efficiency (%)
  --------------------------------------- --------------- ---------------------------------------- ----------- ------------------------------
  *ACOX*                                  NM_015729.3     Forward: 5′-GCCCAACTGTGACTTCCATT-3′      113         94
  Reverse: 5′-GGCATGTAACCCGTAGCACT-3′                                                                          
  *CPT-1*                                 NM_013495.2     Forward: 5′-CAGCAGCAGGTGGAACTGT-3′       99          93
  Reverse: 5′-GGAAACACCATAGCCGTCAT-3′                                                                          
  *G6Pase*                                NM_010493.2     Forward: 5′-ACACCGACTACTACAGCAACAG-3′    151         99
  Reverse: 5′-CCTCGAAAGATAGCAAGAGTAG-3′                                                                        
  *MCAD*                                  NM_007382.5     Forward: 5′-TGATCAACGCGCACATTC-3′        53          98
  Reverse: 5′-GAACGTTCCCAGGCCAAG-3′                                                                            
  *PEPCK*                                 NM_011044.2     Forward: 5′-CATATGCTGATCCTGGGCATAAC-3′   163         90
  Reverse: 5′-CAAACTTCATCCAGGCAATGTC-3′                                                                        
  *PPAR* *α*                              NM_011144.6     Forward: 5′-GCAGCTCGTACAGGTCATCA-3′      202         91
  Reverse: 5′-CTCTTCATCCCCAAGCGTAG-3′                                                                          
  *VLCAD*                                 NM_017366.3     Forward: 5′-GCCCAGACACACAACCTTTG-3′      94          94
  Reverse: 5′-CCGAGCCGACTGCATCTC-3′                                                                            
  *β-actin*                               NM_007393.5     Forward: 5′-TACCACAGGCATTGTGATGG-3′      199         93
  Reverse: 5′-TTTGATGTCACGCACGATTT-3′                                                                          

[^1]: These authors contributed equally to this work.
